Abstract Almost 30 years ago, neuropeptide Y (NPY) was discovered as a sympathetic co-transmitter and one of the most evolutionarily conserved peptides abundantly present all over the body. Soon afterward, NPY's multiple receptors were characterized and cloned, and the peptide's role in stress was first documented. NPY has proven to be pivotal for maintaining many stress responses. Most notably, NPY is known for activating long-lasting vasoconstriction in many vascular beds, including coronary arteries. More recently, NPY was found to play a role in stressinduced accretion of adipose tissue which many times can lead to detrimental metabolic changes. It is however due to its prominent actions in the brain, one of which is its powerful ability to stimulate appetite as well as its anxiolytic activities that NPY became a peptide of importance in neuroscience. In contrast, its actions in the rest of the body, including its role as a stress mediator, remained, surprisingly underappreciated and not well understood. Our research has focused on that other, ''peripheral'' side of NPY. In this review, we will discuss those actions of NPY on the cardiovascular system and metabolism, as they relate to adaptation to stress, and attempt to both distinguish NPY's effects from and integrate them with the effects of the classical stress mediators, glucocorticoids, and catecholamines. To limit the bias of someone (ZZ) who has viewed the world of stress through the eyes of NPY for over 20 years, fresh insight (DH) has been solicited to more objectively assess NPY's contributions to stress-related diseases and the body's ability to adapt to stress.
Introduction
In 1982, Tatemoto and Mutt , the two chemists responsible for designing a method for identifying bioactive peptides through amidation, extracted neuropeptide Y (NPY) from porcine brain. In addition, they are also credited with identifying the other members of the NPY peptide family, peptide YY (PYY) and pancreatic polypeptide (PP), both of which are largely derived from the gut (Tatemoto 1982) . All three peptides share a high level of homology and are highly evolutionarily conserved, with up to 92% conservation in structure between non-vertebrates and vertebrates (Colmers and Wahlestedt 1993) . PYY shares 75% homology with NPY and thus, is able to activate the same receptors, Y 1 , Y 2 , Y 4 , Y 5 , and Y 6 , all of which are G i -coupled receptors (Larhammar et al. 1993) .
Due to the multiplicity of receptors and ligands, some of which are generated through a proteolytic cleavage of NPY and PYY to shorter forms, it is not surprising that this peptide family displays a plethora of activities. Of its three members, however, it is NPY, due to its location in the nervous system, both centrally and peripherally, that has been most implicated during stress. In this review, we will focus on the role of NPY as a mediator of stress-induced adaptation and maladaptation of the cardiovascular and metabolic systems, and we will discuss how these changes are able to trigger or accelerate diseases such as atherosclerosis and obesity. Considering the complexity of the body's ability to adapt to various types of environmental stressors, no single mediator would be expected to be solely responsible for the body's response to stress. With this in mind, we will not only review the direct actions of NPY, but also its interactions with other classical stress mediators such as the sympathetic neurotransmitters: catecholamines and purines, and hormones from the hypothalamic-pituitary-adrenal (HPA) axis. To limit the bias of someone (ZZ) who has viewed the world of stress through the eyes of NPY for over 20 years, fresh insight (DH) has been solicited. It is the authors' hope that with such an approach, we will provide a fresh look on how NPY works within the stress response, and thus, improve the understanding of its physiological involvement in the regulation of stress adaptation and stress-related diseases. Although many excellent reviews provide abundant information on NPY's actions within the brain (Yulyaningsih et al. 2011; Morales-Medina et al. 2010; Hökfelt et al. 2008; Brothers and Wahlestedt 2010; Thorsell 2010; Vezzani and Sperk 2004) , this review will focus on the activities of the peptide's release from the peripheral pools: sympathetic nerves and other non-neuronal sources. We will start with a short discussion regarding the current views on stress and the stress response.
What is Stress?
In order to survive, every organism has developed sophisticated mechanisms, which allow it to cope with changing environments. The challenges that a changing environment poses on the body is what is commonly referred to as stress. However, a clear scientific definition is lacking. One view that perhaps best describes stress is one proposed by David Goldstein (Goldstein 2010) . In his definition, he breaks down the term ''stress'' into three main components: stressors, which are stimuli that disrupt homeostasis, stress, which is what the brain perceives when faced with a disturbance of homeostasis, and the stress response, which is elicited by the brain to amend the disturbance. Using the example of a thermostat (Goldstein 2010) he argues that just like a thermostat is able to sense changes in environmental temperature; the body also senses detrimental changes within its physical environment. Whether the danger is real or perceived, the body will mount a stress response in an attempt to return back to homeostasis. The stress response stops once the stressor is removed and the brain no longer senses changes beyond its normal set point.
It is understood that most times acute stress should not result in harming the organism, instead, through physiological adaptation the organism should become capable of functioning in the midst of this altered environment. However, it is during chronic or unusually intense bouts of stress that organisms experience its negative side effects. Hans Seyle, whom many regard as the father of stress, was the first to document physical changes within animals exposed to acute and chronic stress and was the first to develop the idea of stress-related diseases (Selye 1998) . While this idea is still valid, specific disease mechanisms resulting from exposure stress have evolved greatly over the years.
Classically, it is understood that the stress response primarily involves two groups of hormones/neurotransmitters: glucocorticoids (cortisol in humans, corticosterone in rodents) and catecholamines (norepinephrine, NE and epinephrine, Epi) . Under normal conditions the levels of these hormones rise and fall with the body's natural circadian rhythm. However, following a stressful stimulus, a flood of catecholamines and glucocorticoids are released throughout the body. In response, heart rate begins to climb, cardiac output increases, respiration is accelerated, catabolism is enhanced, short term energy stores are used, and blood-flow to major organs such as the brain, heart, and muscles increases-a reaction known as the ''fight-or-flight'' response. It is well accepted that this stress response is mediated by two principal endocrine systems: the HPA axis and the sympatho-adrenomedullary system (SAS). Sympathetic stimulation is known to activate the SAS which results in both the release of NE from the nerve endings onto target tissues, as well as Epi (''adrenaline'') and NE secretion from the adrenal medulla. Activation of the HPA axis begins with the release of corticotropin-releasing hormone (CRH) together with arginine vasopressin (AVP) into the hypophyseal portal blood (Crowley 2004 ), which in turn, stimulates the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary (Crowley 2004; Buckingham 2000) . Circulating ACTH goes on to activate the adrenal cortex, leading to the release of the primary glucocorticoid, cortisol.
A common view still expressed in a large body of scientific literature is that stress can be ''measured'' by either plasma or salivary levels of cortisol, and/or plasma catecholamines as signs of activation of the HPA axis or SAS, respectively. In addition, a second common oversimplification is that ''sympatho-adrenomedullary'' activation is considered synonymous with ''adrenergic'' activation. Although plasma levels of cortisol and/or catecholamines are a valued measurement of stress, these values do not always correctly characterize the stress response. First, each neurotransmitter released into the body decays different rates. Therefore, there are specific windows of time for which each neurotransmitter can act before it becomes inactivated. For example, it is known that catecholamines are released and degraded within minutes (Benedict et al. 1978 ) and on the other hand, that NPY, has a much longer half-life (Ahlborg et al. 1992 ) of up to 39 min. Understanding, the rate at which these chemicals will be broken down within the body is crucial for understanding the physiological actions of these peptides. In addition, it is known that platelets are capable of taking in and storing various peptides from the circulation during their lifetime of up to 2 weeks (Daimon 1991; Zukowska-Grojec and Neuropeptide 1995) . Moreover, not all stressors evoke the same stress response. For example, restraint stress in mice (Abe et al. 2010 ) and immobilization stress in rats ) results in high levels of NE release from nerve terminals without significant elevations in NPY. However, more intense stressors, such as exposure to foot shocks or cold stress leads to a large increase in NPY release, while NE release does not change. This becomes even more evident during chronic stress, when often both catecholamines ) and glucocorticoid secretion is down-regulated (Rasmusson et al. 2010) . Together these findings suggest that there is no single, traditional or new, stress mediator that can be used as an absolute indicator of stress. However, perhaps a more accurate way to assess the intensity of the stress would be to measure a combination of different neurohormones. As elegantly shown and discussed in an early paper by Fischer-Colbrie et al. (1988) , the ''secretory cocktail'' of stress mediators that are released from the nerve terminal following differential sympathetic stimuli could be the key to understanding multiple forms of stress and their effects on the body.
Thus, we believe, that after 30 years since the discovery of sympathetic co-transmission, which includes NPY, it is about time that a monolithic view of the SAS is abandoned.
Stress still remains difficult to measure, but our ability can improve with the assessment of not one, but many stress mediators such as ACTH, vasopressin, oxytocin, cortisol and the sympathetic neurotransmitters-NE, Epi, and NPY in plasma as well as within circulating cells such as platelets.
History of NPY: Synthesis, Structure, and Functions Soon after NPY was first isolated from porcine brain by Carlquist et al. (1982) and Tatemoto et al. (1982) its discovery as one of the most structurally conserved peptides emerged. NPY has 92% sequence homology between cartilaginous fish and today's mammals (Colmers and Wahlestedt 1993; Larhammar et al. 1993; Larsson et al. 2008) , indicating that it has remained almost completely conserved within the genome for over 400 million years. This high level of conservation suggests that NPY must serve important physiological roles within the body. Indeed, in support of this notion, throughout the animal kingdom, from C. elegans to Drosophila and zebrafish, NPY was found to subserve similar functions in regulating behavior and adaptation of the organism during environmental challenges such as starvation, infection or predator attack (Cohen et al. 2009; Sokolowski 2003) . In addition, other peptides such as peptide YY (PYY) and pancreatic polypeptide (PY) have been found to share a high degree of homology with NPY. Today these peptides (PYY, PY, and NPY) are all categorized as the NPY family (Larhammar et al. 1993) . Depending on the length, these peptides can act on multiple G-protein coupled receptors: Y 1 , Y 2 , Y 4 , Y 5 , and Y 6 which is known to be nonfunctional in humans (Yulyaningsih et al. 2011; Brothers and Wahlestedt 2010; Merten and Beck-Sickinger 2006; Michel 2004) . Table 1 describes the expression and functions of each receptor both centrally and peripherally.
NPY is synthesized within the endoplasmic reticulum as a large precursor protein. The peptide, once synthesized, then moves to the Golgi apparatus, which is followed by its translocation into the trans-Golgi network (TGN) where the peptide is stored until further activation. The majority of NPY is stored in large dense-core vesicles (Michel 2004 ). When NPY is needed, the precursor protein undergoes several post-translational modifications along with several enzymatic cleavages before it is exocytosed into the extracellular space. Upon entry into the extracellular space, NPY can undergo further proteolysis, which cleaves it into different sized peptides. Aminopeptidase P (APP) and dipeptidyl peptidase IV (DPPIV) are two major amino peptidases responsible for cleaving NPY to NPY 2-36 and NPY 3-36 , respectively (Hörsten et al. 2004 ). This proteolysis however, does not inactivate NPY, but rather it abolishes its Y 1 receptor affinity and maintains the peptide's affinity for the Y 2 and Y 5 receptors. This way, peptidases, and in particular Cell Mol Neurobiol (2012) 32:645-659 647 NPY is the most, or one of the most, abundant peptides in the brain. NPY is found in highest concentration within the hypothalamic arcuate nucleus, brainstem, and anterior pituitary. At these sites, NPY is thought to have two major functions: stimulate food intake and modulate the stress response. NPY is the most potent orexigenic (Crowley 2004; Stanley and Leibowitz 1984) peptide known to date and its powerful effects can best be seen when injected into the paraventricular nucleus ( Fig. 1) . Other studies have shown that, injection into the paraventricular nucleus can trigger the secretion of ACTH (Crowley 2004 ), a hormone that initiates a cascade of events resulting in the release of cortisol, through activation of CRH. Many of NPY's central actions are important during stress and stress-related where the peptide exerts potent orexigenic and anxiolytic activities. In the periphery, pools 2nd-6th, there are neuronal (2nd Pool) and nonneuronal sources of expression of NPY (3rd-6th Pools). In the cardiovascular system (secreted from the sympathetic nerves and platelets-2nd Pool), NPY mediates stress-induced vasoconstriction, vascular hyperplasia, and atherosclerosis via its Y 1 receptor. In the immune cells (3rd Pool), NPY is inducible and can mediate either pro-or anti-inflammatory actions through its Y 1 receptor on macrophages. In the autocrine/paracrine systems of the endothelial cells (4th Pool), NPY, converted by DPPIV to NPY 3-36 , a Y 2 receptor-selective agonist, promotes angiogenesis and vascularization of ischemic and non-ischemic tissues. NPY when up-regulated in transgenic mice increases the basal level of capillary fibers in the hind limb, whereas Y2rKO mice show a decreased number of capillary fibers as compared to WT (4th Pool). NPY, DPPIV, and Y2Rs are also inducible in adipocytes (5th Pool) where they mediate stress-and-dietinduced adipogenesis and obesity. Finally, both NPY and PYY are expressed in the gastrointestinal system, but it is the gut PYY (6th Pool) when converted to PYY 3-36 by DPPIV, which is known to induce satiety by acting on the hypothalamic presynaptic Y 2 receptor to suppress food intake Cell Mol Neurobiol (2012) 32:645-659 649 diseases. In contrast to the periphery where NPY-in the face of stress-amplifies the stress response, a reaction which can lead to detrimental effects on the body, in the brain, NPY's actions moderate and improve the body's ability to cope with stress. Thus, within the brain, NPY acts as a ''brake'' to inhibit excessive activation of the stress response. Centrally, NPY is anti-epileptic (Xapelli et al. 2006 ), anxiolytic (Thorsell 2010) and it is associated with physiological resilience and increased performance levels during military training (Rasmusson et al. 2010 ). In addition, central increases in levels of NPY in patients suffering from post-traumatic stress disorder (PTSD) have been associated with a decrease in PTSD symptoms (Rasmusson et al. 2010) . Last, increased NPY has been shown to improve memory (Flood et al. 1987) , increase neurogenesis (Scharfman and Gray 2006) and to modulate peripheral sympathetic outflow (Egawa et al. 1991) .
In the periphery, NPY can be found in three main pools: sympathetic nerves, the adrenal medulla, and platelets ( Fig. 1 ). Immunocytochemistry has been used to confirm the existence of NPY in postganglionic sympathetic nerve fibers throughout the body. Further staining indicated that NPY exists within these terminals alongside NE and ATP (Morris 1999) . Moreover, isolated, in situ and in vivo stimulation of organs by sympathetic activation have demonstrated the co-release of NPY, NE, and ATP from axon terminals (Morris 1999; Lundberg et al. 1990 ). However, it is important to note that NPY, NE, and ATP are not always released in similar quantities. Instead, the release of each transmitter is dependent on the intensity and the pattern of sympathetic nerve activation (Fig. 2c) . Clinically, increases in plasma NPY have been documented in diseases such as hypertension (Wocial et al. 1995) , chronic heart failure (Callanan et al. 2007; McDermott and Bell 2007) , and renal failure (Bald et al. 1997 ) where sympathetic outflow is increased (Fig. 2d) .
NPY is also known to exist within the chromaffin cells in the adrenal medulla (Rosmaninho-Salgado et al. 2007) as shown in studies using perfused bovine adrenal glands (Hexum et al. 1987) and cultured chromaffin cells (Kataoka et al. 1985) . Interestingly, rats following adrenalectomy show no changes in circulating NPY levels within the body at rest. This observation led researchers to believe that under normal conditions, NPY within the adrenal medulla did not play a systemic role (Hörsten et al. 2004 ). Some of the highest levels of circulating NPY have been measured in patients with pheochromocytoma (Grouzmann et al. 1989 ). This potentially fatal, neuroendocrine tumor originating from the adrenal medulla results in increased release of catecholamines as well as NPY into the plasma. Although the trigger for NPY release is not well understood, it is thought that angiotensin II may be involved (Grouzmann et al. 1994 ).
In addition, NPY is expressed in platelets and their precursor, megakaryocytes residing in the bone marrow (Ericsson et al. 1987; Myers et al. 1988 ). However, the amount of NPY found in platelets varies greatly among species. Rats seem to display the highest levels of NPY in their platelets, although some strains of mice, rabbits, and humans display NPY in their platelets as well (Ericsson et al. 1987; Myers et al. 1988 ). Interestingly, under normal physiological conditions, NPY may not be expressed in platelets and megakaryocytes. Instead, it is thought that expression can be induced by disease, and perhaps by chronic stress. Interestingly, support for this idea can be seen in patients with peripheral vascular disease (Li et al. 2011) and depression (Nilsson et al. 1996) , who show increased NPY in their platelets. Former studies by our group led us to propose the idea that increased NPY levels within platelets may be implicated in the acceleration of atherosclerosis and other stress-related diseases. Platelet NPY may also be a better marker of chronic stress than plasma levels of this peptide, or other stress mediators, since they are cleared more quickly from the circulation, whereas platelets can maintain their NPY stores for approximately 2 weeks.
NPY as a Sympathetic Co-transmitter
Within the sympathetic nerves, NPY is co-localized with the classical neurotransmitter, NE and another non-adrenergic transmitter, ATP. While NE and ATP are stored in a larger pool of small dense-core vesicles, NPY is contained within a smaller population of so called large, dense-core vesicles, which are also known to contain NE (Hörsten et al. 2004 ). Thus, although multiple transmitters may exist within one vesicle, the concentration of each transmitter may differ between vesicles within one axon terminal. This differential intra-cellular localization implies differences in the mode of their release. Indeed, each neurotransmitter shows differential release depending on the intensity and pattern of sympathetic nerve activation (Westfall 2004) (Fig. 2) . For example, studies using guinea pig vas deferens have shown that although ATP and NE are co-stored, the amount of ATP and NE within each vesicle may not be uniform and furthermore, that differential release of each vesicle is dependent on the intensity of stimulation by the SNS (Burnstock 1995; Ralevic 2009; Donoso et al. 2004) (Fig. 2) .
It appears that during very low frequency nerve activation, ATP is the dominant co-transmitter released (Todorov et al. 1994) . Upon its release within the tunica media of blood vessels, ATP binds to its P2X 1 purinoceptors and induces a very brief twitch-like contraction of its target smooth muscle cell (Burnstock 1990) (Fig. 2b) . NE is also released during low nerve frequency activation and continues to be released throughout a wide range of nerve activities (Fig. 2c) . NE acts on postsynaptic adrenergic receptors, which in blood vessels, are predominantly of the a 1 -type (although a 2 receptors exist post-junctionally as well), whereas in cardiac myocytes and adipocytes the receptors are of the b 1-3 type (Fig. 2b) . Activation of an a 1 receptor results in release of Ca ?? from intracellular compartments which induces contraction of smooth muscle even during mild sympathetic stimulation (Burnstock 1990) . Interestingly, NE and ATP are also capable of regulating each other's effects post-junctionally (Burnstock 1990 ). The release of NE potentiates the effects of ATP, while at the same time, the release of ATP exacerbates the effects of NE post-junctionally (Burnstock 1990) (Fig. 2b) .
The third neurotransmitter released from sympathetic nerves is NPY which exerts both pre-and post-junctional effects. Unlike ATP and NE, NPY is released predominately during bursts of intense and prolonged high-frequency sympathetic activation (Lundberg et al. 1986) (Fig. 2c) . NPY's vasoconstrictive effects are mediated primarily through activation of its Y 1 receptor located post-junctionally (Westfall 2004) (Fig. 2b) . Activation of the Y 1 receptor results in a slow-onset, but long lasting smooth muscle contraction even in the midst of a-adrenoceptors desensitization when NE is no longer effective (Westfall 2004) . Several studies using NPY-Y 1 (Y 1 ) receptor antagonists have highlighted the powerful effects of NPY as a direct mediator of vasoconstriction (Morris 1999; Buckwalter et al. 2005; Pernow and Lundberg 1989) in guinea pig vena cava (Malmstrom and Lundberg 1995a, b) , pig hind limb, spleen, kidney (Malmstrom et al. 1997) , and the rat mesenteric arterial bed (Zukowska-Grojec et al. 1996; Han et al. 1998) .
Although SNS activation can induce wide-spread release of NPY within the body, its vasoconstrictive effects are perhaps showcased best within the coronary arteries of the human heart. A study in humans performed by Clarke et al. (1987) revealed the potent effects of NPY when injected directly into the coronary artery (Fig. 1, 2nd Pool). NPY when infused directly into the artery during coronary angiography produced a marked increase in blood pressure of approximately 20 mmHg within minutes of administration. Moreover, many patients felt pain in their chest related to angina along with a temporary bradycardia, both of which are markers of a severe ischemic event (Clarke et al. 1987) . Shockingly, the infusion of NPY led to vasospasms resulting in almost complete vasoconstriction of the coronary artery (Clarke et al. 1987) (Fig. 1, 2nd Pool).
Extensive research has been put forth to better understand the effects of NPY release from nerve terminals. In addition to directly activating Y 1 receptors post-junctionally to induce vasoconstriction, NPY also has many indirect effects as well. The type of effects varies with cell types and NPY is capable of either inhibiting or potentiating the actions of ATP and NE (Fig. 2b) . Acting through its Y 1 receptor post-junctionally, NPY potentiates the vasomotor contractile responses of both ATP and NE. However, in adipocytes, by acting through an unidentified NPY receptor, the peptide can completely oppose the lipolytic actions of b-adrenergic activation (Turtzo et al. 2001) . In contrast, NPY appears to have uniformly strong inhibitory effects on neurotransmitter release. When NPY acts on its Y 2 receptor found pre-junctionally, NPY inhibits the release of NE, ATP as well as itself (Westfall 2004) (Fig. 2b) .
Thus, it is becoming clear that the effects of sympathetic nerve activation are dependent not only on the frequency of activation, but also on the pre-existing content of the neurotransmitters within their respective vesicles as well as the effects they exert on each other. Post-synaptically, NPY contributes directly to vasoconstriction by activation of its Y 1 receptors, as well as indirectly by potentiating the effects of ATP and NE. The contribution of NPY to sympathetic vasoconstriction is to prolong the response and to maintain it in the face of declining or desensitized adrenergic effects (Wahlestedt et al. 1990 ). In contrast, presynaptically via the Y 2 receptors, NPY limits sympathetic activation by reducing NE and ATP and its own release (Fig. 2b) . In addition, NPY's Y 1 ,Y 2 , and Y 5 receptors appear to inhibit synthesis of catecholamines (Westfall 2004) . Such pre-and post-synaptic interactions among the three sympathetic neurotransmitters minimize the amount of a single transmitter released per nerve impulse, protecting against depletion of their stores, while at the same time, maximizing the amplitude and duration of the response evoked following activation of the nerve. A good illustration of the benefits of having NPY within the sympathetic neuro-effector junction can be seen in the stress responses of the rats over expressing NPY. Although NPY over-expression led to higher basal plasma levels of the peptide, it protected these rats from excessive stressinduced catecholamine release, lowered their cardiovascular responses to stress and significantly increased their lifespan (Michalkiewicz et al. 2003) . Figure 2 outlines the relative contributions of NPY, NE, and ATP following differential activation of the sympathetic nervous system.
NPY and the HPA Axis
NPY also interacts with the HPA axis, both centrally and peripherally. However, the HPA axis, through the actions of glucocorticoids, is also capable of regulating the release of NPY as well. Centrally, NPY expression and its presumable release are known to increase following exposure to an acute stressor within many stress-sensitive areas of the brain (Thorsell 2010 ). In the hypothalamus, increases in NPY have been suggested to be involved in triggering the HPA axis activation during stress resulting in the initial release of CRH from the paraventricular nucleus. Other studies investigating changes in prepro-NPY expression levels, following a restraint stress test of 1 h, found that various regions of the brain respond to stress differently in regards to mRNA levels of prepro-NPY produced (Sweerts et al. 2001) . Some regions of the brain showed increased expression of prepro-NPY while others showed no change (Sweerts et al. 2001 ). Interestingly, they found that prepro-NPY levels trended to increase in some strains of rats more than others following acute and chronic restraint exposures (Sweerts et al. 2001 ). Additionally, several other studies performed in rats, sheep and dogs have shown that central administration of NPY resulted in increased release of CRH (Crowley 2004) . In rats, administration of NPY into the ventricles immediately produced increases in ACTH and corticosterone (Leibowitz et al. 1988; Sainsbury et al. 1996) . Moreover, central administration of NPY also results in increases in CRH immunoreactivity as well as mRNA expression within the paraventricular nucleus (Haas and George 1989) . In addition, an extensive network of NPY positive neurons has been shown to exist within the vicinity of CRH positive cell bodies (Li et al. 2000) .
On the other hand, glucocorticoids are capable of upregulating the expression of NPY mRNA in the arcuate nucleus following their release, thus exacerbating the stress response (Fig. 2a) . Support for glucocorticoid-dependent release of NPY comes from the fact that several of the NPY-positive neurons within the arcuate nucleus are also positive for glucocorticoid receptors (Hisano et al. 1988; Harfstrand et al. 1989) . Although not extensive, these experiments support the possibility that NPY plays an important role in central triggering and propagation of the stress response. Interestingly, similar interactions between NPY and the glucocorticoid system are present in the periphery as well ). In the periphery, glucocorticoids potently up-regulate the expression of NPY within sympathetic neurons and the expression of the Y 2 receptor in adipocytes, thus increasing the effects of NPY in stimulating adipose tissue growth.
Such positive interactions between NPY and the HPA axis can well explain why under many forms of chronic stress, both of these systems show similar signs of activation. For example in war veterans suffering from PTSD, both NPY and cortisol levels are lower than in combat veterans without the disease (Rasmusson et al. 2010) , and this is thought to be a reflection of the overactivation and exhaustion of these systems. In contrast, in stress-induced obesity, glucocorticoid, and NPY levels within the plasma and locally in the fat tissue, was found to be elevated and together it is thought that they synergistically contribute to the pathology ).
NPY and Cardiovascular Responses to Stress
Due to its release during more intense and prolonged sympathetic activation, NPY has been found to be primarily involved in chronic cardiovascular adaptations to stress. In mice, some of the strongest stressors that evoke the release of NPY are intense cold or an exposure to an aggressive intruder, both of which are conditions that threaten an animals' chance of survival and impose on them high metabolic demands ). Both in rodents Zukowska-Grojec and Neuropeptide 1995; Li et al. 2005 ) and in humans (Lewandowski et al. 1996 ) a laboratory stressor known as the cold pressor test, a stressor which involves immersing the hands and feet in ice-cold water, induces marked elevation of NPY in plasma and in platelets, along with increased blood pressure and tachycardia. Interestingly, both the NPY and the cardiovascular responses are gender-specific with males showing increased responsiveness as compared to females (Zukowska-Grojec and Vaz 1988; Zukowska-Grojec et al. 1991) . In rats, this was found to be due to the strong effects of androgens on NPY expression, an effect which estrogens were lacking (Zukowska-Grojec et al. 1991) . In contrast, others found estrogens capable of inhibiting both NPY expression and the Y 1 -mediated vascular responses in rat skeletal muscles (Jackson et al. 2010) .
The increased NPY responsiveness to cold stress observed in males is also associated with an exaggerated and prolonged post-stress pressor effect. The pressor response was found to be primarily due to prolonged increases in mesenteric vascular resistance (MVR). Up to 80% of stressinduced MVR was prevented by administration of a Y 1 receptor antagonist, which also eliminated the post-stress lingering elevation in blood pressure. Y 1 receptor inhibitor was also found to be effective in reducing exercise-induced increases in blood pressure in patients with coronary heart disease (Gullestad et al. 2003) , even if they were treated with the b-blocker atenolol (Gullestad et al. 2012) . However, acutely, it did not improve their ischemic parameters (Gullestad et al. 2003) . Conversely, in pigs, the b-blocker metoprolol reduced stress-induced NPY release and its prolonged pressor effects (Ablad et al. 2010) . These finding underscore the importance of interactions between adrenergic and NPY-ergic transmission and reveals a variety of targets for NPY. They also suggest that the release of NPY contributes significantly to vascular tone and regulation of blood pressure during stressful exposures. Whether or not NPY directly, or by interacting with catecholamines, plays a role in maintaining basal vascular tone remains controversial considering Y 1 receptor antagonists do not lower resting blood pressure in normotensive (Zukowska-Grojec et al. 1996) or hypertensive rats (Zhang et al. 1997 ). However, NPY and its Y 1 receptors were shown to be important in maintaining vascular tone in the rat hind limb by potentiating the a 1 -adrenergic responses in addition to direct vasoconstriction (Jackson et al. 2004) . Thus, while the involvement of Y 1 receptors in the maintenance of resting blood pressure may not be striking, it greatly increases during stress particularly in the mesenteric, coronary, and skeletal muscle vascular beds. NPY's vasoconstrictive activities markedly increase under conditions of elevated adrenergic tone such as during exposure to stress, or following infusion of adrenergic agonists.
NPY and Chronic Stress: From Physiological Adaptation to Development of Cardiovascular Diseases
Once the first NPY receptor antagonist was found to have little hypotensive effect, interest in the NPY system, in terms of its cardiovascular physiological significance, plummeted. However, for our lab and a few other groups, it marked the beginning of research into the chronic effects of NPY, which eventually lead to the discovery of NPY's powerful growth promoting activities and its role in the development of multiple diseases. Acting in a receptor specific manner, NPY was found to be a potent growth factor in a number of cell types. NPY, through its Y 1 and Y 2 receptor has been shown to have powerful mitogenic effects. Through activation of the Y 1 receptor, NPY is mitogenic in vascular smooth muscle cells (VSMC) (Zukowska-Grojec et al. 1998a; Zukowska-Grojec et al. 1993; Erlinge et al. 1994 ) and via the Y 2 receptor, it is mitogenic for endothelial cells (Zukowska-Grojec et al. 1998b; Ekstrand et al. 2003) (Fig. 1 ) and sympathetic neuroblasts (Kitlinska et al. 2005) . On the other hand, activation of the Y 1 receptor (and possibly Y 2 and Y 5 receptors) in cardiomyocytes induced hypertrophy (McDermott and Bell 2007; Pellieux et al. 2000) . The switch from Y 1 receptor-mediated actions, vasoconstriction and vascular hyperplasia, to Y 2 and Y 5 receptor-mediated effects requires activation of DPPIV, the endothelial and immune cell derived protease that forms NPY 3-36 (Ghersi et al. 2001; Mentlein 1999) (Fig. 1) .
Several injurious stimuli such as hypoxia can lead to marked up-regulation of NPY, its Y 2 receptor and DPPIV Cell Mol Neurobiol (2012) 32:645-659 653 in endothelial cells where the peptide promotes angiogenesis Zukowska et al. 2003) . These angiogenic effects are direct, but the peptide can also interact with catecholamines and other growth factors as well. For example, adrenergic and NPY-ergic activation can stimulate vascular hyperplasia, possibly through postsynaptic potentiation, or synergistically by activating other growth factors such as epidermal or fibroblastic growth factors (Zhang et al. 2004 ). Which of the sympathetic neurotransmitter takes the lead in modulating these actions is not known and likely, would vary depending on conditions, as well as the individual. Angiogenic activity of NPY has been well established in hind limb ischemia , retinopathy (Koulu et al. 2004 ), wound healing (Ghersi et al. 2001) , cancers (Kitlinska et al. 2005) and recently in the adipose tissue ).
In addition, NPY can also play a deleterious role in the development of atherosclerosis by mediating the effects of stress. Previous research from the Zukowska group has shown that administration of NPY, locally into the rat carotid artery (Li et al. 2003) leads to marked exacerbation of the vascular lesions following angioplasty of this vessel. Interestingly in rats, it was discovered that exposure to chronic stress (a daily cold pressor test) following angioplasty mimicked the effect that local administration of NPY had on injured rat carotid arteries (Li et al. 2005) (Fig. 1, 2nd Pool). Both stress and NPY led to complete occlusion of the rat artery with neo-intima containing macrophages, neo-vessels, thrombus, and lipids (Li et al. 2003) . Strikingly, in animals undergoing daily stress, administration of a Y 1 or a Y 5 receptor antagonist, individually or combined, prior to or following angioplastyinduced injury, completely prevented lesion formation and reduced neo-intima (Li et al. 2003) . On the other hand, administration of these antagonists individually or together in rats which only received angioplasty reduced neo-intima formation by 40% suggesting that even under non-stressed conditions, endogenous NPY plays a role in angioplastyinduced neo-intima formation (Li et al. 2003) . In addition, this was confirmed by findings that the ''stress'' of angioplasty alone was capable of elevating NPY levels, primarily within platelets. Moreover, these angioplastyinduced increases in NPY were further exacerbated by cold stress (Li et al. 2003 (Li et al. , 2005 .
Taken together, these studies have revealed a novel role for NPY as a mediator of chronic stress, leading to the development of restenosis and acceleration of atherosclerosis.
NPY and Metabolic Adaptations to Chronic Stress
While studying the angiogenic properties of NPY in various tissues, the Zukowska lab has discovered another peripherally mediated role for the NPY system in the growth of adipose tissue, and hence, in stress-induced obesity and metabolic syndrome. Traditionally, stress has been viewed as a condition which leads to weight loss, as most of the rodent studies, particularly in rats, indeed point in this direction. Moreover, the mediator of this stressinduced reduction in fat and weight was originally thought to be driven by the sympathetic nervous system through the activation of beta-adrenergic receptors which are known for their lipolytic and thermogenic activities (Collins et al. 2004) . Interestingly, obesity is often associated with an increase in adrenergic activity that appears to be insufficient to restore normal weight (Straznicky et al. 2010) . Moreover, in humans, stress has varying effects on body weight which, in different people, can lead to either weight loss or gain. In addition, it was assumed that these fluctuations in weight during stress were dependent on food intake.
Having found that NPY and its angiogenic system-the Y 2 receptor and DPPIV-are highly expressed in growing adipose tissue, Kuo et al. (2007) hypothesized that stress induced coping mechanisms such as the ingestion of foods rich in sugar and fats could lead to alteration of the neurochemistry within the sympathetic nerve terminals. Therefore, it was thought that instead of NE, NPY may be the primary neurotransmitter released upon sympathetic activation. If true, this neurotransmitter profile change would lead to a down-regulation of the weight loss-promoting, beta-adrenergic activities and instead up-regulate the anti-lipolytic and fat promoting effects mediated by NPY (Kuo et al. 2008) . Using mice, either stressed or not, and fed normal or a high fat sugar diet, Kuo et al. (2007) provided extensive evidence in support of this hypothesis.
As anticipated, chronic stress, when combined with a high fat sugar diet (HFS) led to an up-regulation of NPY and its Y 2 receptor within the abdominal fat . As shown by others, stress alone in mice fed a normal diet resulted in no change in weight and under some conditions it resulted in weight loss. Most strikingly, stress and-HFS up-regulated NPY and its ''angiogenic'' system: Y 2 R and DPPIV locally within the visceral adipose tissue, and this system was shown to be not only angiogenic, but also adipogenic. Thus, NPY increased pre-adipocyte proliferation and adipogenesis in vitro. In vivo, NPY increased adipose tissue expansion in lean and obese ob/ob mice, and stimulated the growth of a human fat xenograft in nude mice. Both increases in adipose tissue were associated with increased vascularization of the fat pads, that could be inhibited by a Y 2 receptor antagonist .
Predominantly within the abdominal area, stressinduced up-regulation of the NPY-Y 2 receptor system which resulted in doubling the amount of fat accumulated within the abdominal area as compared to animals consuming a HFS diet alone ). The morphology of the visceral adipose tissue contained increased number of neo-vessels, small adipocytes, macrophages and cell proliferation, while at the same time apoptosis was reduced. Within 3 months, stress accelerated the development of gross abdominal obesity and metabolic syndrome, with animals showing signs of glucose intolerance, insulin resistance, hyperleptinemia and hypertension in addition to fatty liver and skeletal muscles. Strikingly, local intra-fat inhibition of Y 2 receptors, pharmacologically or genetically through delivery of a viral vector with Cre-recombinase to Y 2 lox/lox mice, fully prevented stress-induced obesity ). Importantly, neither acceleration of obesity by stress nor its prevention by Y 2 receptor antagonist was associated with changes in food intake or discernible changes in thermogenesis as measured by expression of UCP1, 2 and 3 in brown and white adipose tissue and skeletal muscles .
Overall, this indicated that stress-induced obesity was due to local alteration in metabolism and growth of some or all of the cells present in the adipose tissue due to activation of Y 2 receptors following NPY release. It is thought that the cells altered in this model could involve the sympathetic nerves, adipose stem cells, adipocytes, and immune cells. However, the cells that are primarily responsible for the stress induced NPY effect, are currently being investigated.
Glucocorticoids were also implicated in this model of obesity. Both stress-and a HFS diet elevated corticosterone levels in plasma and even more so in the abdominal adipose tissue ). The latter was likely due to stress-induced up-regulation of 11b-Hydroxysteroid dehydrogenase (HSD11B), an enzyme, which converts inactive corticoids into their active form (Buckingham 2000) . Due to its preferential localization in the visceral fat, it is thought that the HSD11B could contribute to localized increases in glucocorticoids where they could then prime pre-adipocytes for growth and differentiation ). In addition, Kuo et al. (2007) found that glucocorticoids are strong inducers of NPY expression and are also capable of up-regulating the Y 2 receptor in adipocytes. Therefore, albeit indirectly, glucocorticoids could be involved in stress-induced obesity via the NPY pathway ).
In addition to NPY and the effects of glucocorticoids, in this model of stress-induced obesity the levels of catecholamines in plasma and adipose tissue were reduced compared to un-stressed mice indicating a decrease in adrenergic activity . Several mechanisms could have led to this phenomenon. As previously mentioned, NPY released from nerve terminals can also exert a strong inhibitory effects on the release of NE upon exposure to stress. This inhibition of NE reduces the stimulation of b-adrenergic receptors, which induce lipolysis. In addition, while glucocorticoids stimulate NPY expression, they have no effect on catecholamines. Thus, down-regulation of the adrenergic system, combined with an upregulation of glucocorticoids in addition to the pro-adipogenic and angiogenic effects of over-activation of NPY and its Y 2 receptor appear to be responsible for the acceleration of diet-induced obesity and metabolic syndrome resulting from chronic stress.
Overall, these studies demonstrate the powerful metabolic and growth-regulatory activities of NPY, and the central role it plays in metabolic adaptation to stress and over-feeding.
Immune Functions of NPY
Our brief discussion of NPY's roles in stress would be incomplete without mentioning its immune functions. During the late 80s it became well known that increases in sympathetic nerve activity leads to a decrease in natural killer cell activity (Reder et al. 1989) . The discovery that sympathetic nerves releasing NPY were found in the vicinity of the spleen and other lymphocytes fueled interest in understanding the possible role of NPY within the immune system (Romano et al. 1991) . Natural killer cells are important lymphocytes within the immune system that are specialized in initiating a host response to fight off the spread of tumors and other cells that have been infected with viruses. Studies in vitro have shown that the addition of NPY induces a dose dependent inhibition of natural killer cell activity (Nair et al. 1993) . In vivo work looking at the effects of people with depression and caretakers of spouses with Alzheimer's disease found increased levels of NPY and decreased levels of natural killer cell activity (Irwin et al. 1991) . At this point, further understanding was needed to seek out the receptors involved in mediating this effect.
One of the first reports published addressing these issues was a study using lymphocytes. Petitto et al. (1994) found that rat splenic lymphocytes expressed the Y 1 receptor. In addition, this receptor displayed 100% sequence homology with the Y 1 receptor found in the rat brain (Petitto et al. 1994) . Since then, additional experiments have corroborated these results and other studies have revealed NPY receptor expression within the thymus of multiple species as well (Silva et al. 2006) . NPY has also been implicated in activating many different immune cells both within the innate and adaptive branches of the immune system. Interestingly, increases in NPY expression have been found following activation of T-cells, B-cells, and macrophages (Schwarz et al. 1994) .
Interestingly, it appears that NPY can have bimodal effects on immune cells (Wheway et al. 2005 ). On one Cell Mol Neurobiol (2012) 32:645-659 655 hand, the peptide exerts pro-inflammatory actions on antigen presenting cells (APC) (Wheway et al. 2005 ) and polymorphonuclear cells (Bedoui et al. 2008 ) while on the other hand, NPY exerts inhibitory effects on T-cell activation (Wheway et al. 2005) . In a seminal study performed by Wheway et al. (2005) , T-cells isolated from Y 1 receptor knockout mice (Y1rKO) became hyper-reactive upon transfer into a lymphopenic mouse and were capable of inciting severe colitis (Wheway et al. 2005) . However, these studies also revealed a novel role for NPY in APCs. Y 1 receptor knockout mice showed decreased T-helpertype-1 cell-mediated inflammatory responses. This observation which curiously opposed the authors' first observation in Y1rKO mice (Wheway et al. 2005 ) of increased immune response can be explained by a defect in the APC. Wheway et al. (2005) describe these opposing immune effects as the body's way to limit the immune response. Nerve derived NPY, when released, acts on Y 1 receptors located on T-cells to inhibit their proliferation, while on the other hand, NPY can also act on APC's to initiate an immune response (Wheway et al. 2005) . Therefore, NPY appears to act as a finely tuned modulator of the immune response by selectively activating specific cells within the immune system, while at the same time inhibiting others in an attempt to protect the host. NPY, as previously mentioned, also induces bimodal effects on human neutrophils in a receptor specific manner. Activation of the Y 5 receptor increases oxidative bursts while on the other hand, activation of the Y 1 and Y 2 receptor results in increased phagocytosis (Bedoui et al. 2008) . Elevated levels of NPY have also been shown to increase chemotaxis, phagocytosis, adherence, and secretion of pro-inflammatory cytokines in macrophages, primarily via NPY's Y 1 receptor (De la Fuente et al. 1993 Dimitrijevic et al. 2005) (Fig. 2, 3rd Pool). Additional evidence from the Zukowska lab has shown that both stress and NPY are capable of increasing macrophage infiltration in atherosclerotic plaques (Li et al. 2011 ) and obesity ) and moreover, that the NPY receptors found on these macrophages are up-regulated (Abe et al. 2010) .
Conclusions
Over the past 30 years NPY has been implicated in a growing number of stress-related activities and diseases. As a ubiquitous sympathetic neurotransmitter, present both within and outside the nervous system, NPY exerts its effects on nearly every tissue and regulatory system in the body. Centrally, NPY is a stress-responsive anxiolytic and acts as the most powerful hunger stimulant within the body. It has also been proposed that NPY, acting centrally, could be responsible for initiating the cascade of events leading to the release of cortisol in response to stress. In addition, the central effects of NPY have revealed a potential role in mood altering disorders such as anxiety, depression, and post-traumatic stress syndrome where NPY levels are known to be reduced.
Peripherally, via its Y 1 receptor, NPY potentiates the effects of catecholamines to produce potent and sustained vasoconstriction in addition to independently regulating long-term vasoconstriction in the face of prolonged activation of the sympathetic nervous system. NPY is also a stimulator of angiogenesis via its Y 2 and Y 5 receptor and additionally plays several significant roles within the immune system, most likely through its Y 1 receptor. Y 1 receptor activation, resulting from elevated NPY levels, have also been implicated in diseases such as atherosclerosis where increases in NPY due to exogenous or endogenous administration following exposure to chronic stress can render vessels hypersensitive to angioplasty and can induce occlusive lesions that resemble advanced atherosclerotic plaques. In addition, NPY 3-36 , a product of cleaved NPY, has been shown to promote angiogenesis, inflammation, and adipogenesis in the visceral abdominal fat via its Y 2 receptor.
Not surprising, these mechanistically complex actions of NPY are still perplexing researchers today. In regards to NPY's possible beneficial role as a growth factor, agonists could be useful in accelerating the rate of wound healing and tissue re-vascularization. Moreover, following its release, NPY acts not only to potentiate the actions of purines and catecholamines, but acts independently and is preferentially released over NE during chronic stress. Figure 1 depicts some of the currently known roles for NPY within different pools in the body.
In summary, NPY appears to be a stress mediator that is activated under conditions of chronic stress and during bouts of intense metabolic demands such as starvation, oxygen deprivation, or following a stress which threatens survival. The evolutionary benefit of having increased levels of NPY appear to be under conditions of cold climate and in situations where food is sparse, as the peptide stimulates hunger and food-seeking behavior, and regulates cardiovascular, neuro-endocrine and immune adaptations. Interestingly, a gain-in-function polymorphism, Leu7Pro7, in the NPY gene was found to be very common in Northern European populations (Kallio et al. 2001; Karvonen et al. 2001) , where colder conditions are more prevalent. On the other hand, this mutation is absent in warmer climates such as southern Europe, Africa, and Asia (Kuo and Zukowska 2007) . In todays' world, with people in the most northern regions living in well-heated houses and having more than adequate food supply, the adaptive value of high NPY levels have turned maladaptive, and within these same populations, the NPY polymorphism is now associated with hyperlipidemia (Kallio et al. 2001; Karvonen et al. 2000) , accelerated atherosclerosis (Karvonen et al. 2001 ) and vascular complications resulting from diabetes (Koulu et al. 2004) .
Throughout the last 30 years of research on NPY remarkable progress has been made in understanding its central and peripherally mediated roles in disease. As a result the peptide and its specific receptors are becoming attractive therapeutic targets for obesity, mood disorders, and epilepsy. Ironically, in spite of the fact that NPY is as ubiquitously present in the central nervous system as it is in the peripheral nervous system, the knowledge of its peripheral functions still lags behind. It is the hope of the authors that this review will contribute to a better understanding of those peripheral actions of NPY and the role the peptide plays among other mediators in adapting to stress and in the development of stress-related diseases.
